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Phytonematode Peptide Effectors Exploit a Host Post‐Translational Trafficking 
Mechanism to the ER using a Novel Translocation Signal 
Abstract 
Summary 
• Cyst nematodes induce a multicellular feeding site within roots called a syncytium. It 
remains unknown how root cells are primed for incorporation into the developing 
syncytium. Furthermore, it is an enigma how CLAVATA3/ESR (CLE) peptide effectors 
secreted into the cytoplasm of the initial feeding cell could have an effect on plant cells so 
distant from where the nematode is feeding as the syncytium expands. 
• Here we describe a novel translocation signal within nematode CLE effectors that is 
recognized by plant cell secretory machinery to redirect these peptides from the 
cytoplasm to the apoplast of plant cells. 
• We show that the translocation signal is functionally conserved across CLE effectors 
identified in nematode species spanning three genera and multiple plant species, 
operative across plant cell types, and can traffic other unrelated small peptides from the 
cytoplasm to the apoplast of host cells via a previously unknown post‐translational 
mechanism of ER translocation. 
• Our results uncover an unprecedented mechanism of effector trafficking by any plant 
pathogen to date and illustrates how phytonematodes can deliver effector proteins into 
host cells and then hijack plant cellular processes for their export back out of the cell to 
function as external signaling molecules to distant cells. 
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Summary: 
 Cyst nematodes induce a multicellular feeding site within roots called a syncytium. It remains 
unknown how root cells are primed for incorporation into the developing syncytium. 
Furthermore, it is an enigma how CLAVATA3/ESR (CLE) peptide effectors secreted into the 
cytoplasm of the initial feeding cell could have an effect on plant cells so distant from where 
the nematode is feeding as the syncytium expands. 
 Here we describe a novel translocation signal within nematode CLE effectors that is 
recognized by plant cell secretory machinery to redirect these peptides from the cytoplasm to 
the apoplast of plant cells. 
 We show that the translocation signal is functionally conserved across CLE effectors 
identified in nematode species spanning three genera and multiple plant species, operative 
across plant cell types, and can traffic other unrelated small peptides from the cytoplasm to the 
apoplast of host cells via a previously unknown post-translational mechanism of ER 
translocation.
 Our results uncover an unprecedented mechanism of effector trafficking by any plant pathogen 
to date and illustrates how phytonematodes can deliver effector proteins into host cells and 
then hijack plant cellular processes for their export back out of the cell to function as external 
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Introduction
Syncytial feeding cells formed by plant-parasitic cyst nematodes are arguably one of the most 
fascinating examples of host exploitation by a parasite. Eight genera and 121 species of cyst 
nematodes parasitizing a wide range of crop plants have been identified (Jones et al., 2013; Handoo & 
Subbotin, 2018). Each species is highly adapted for parasitism on only certain plant species. Once 
these nematodes migrate into the roots of a host plant they select a single cell near the vasculature and 
begin feeding. From this point forward, they feed as sedentary endoparasites. The initial cell chosen 
for feeding is transformed into a syncytium comprised of hundreds of metabolically active cells to 
form a sink structure that diverts resources away from the plant in support of the nutrient demands of 
the developing nematode. The sequence of cellular events underlying syncytium formation has been 
documented in numerous detailed ultrastructural studies (Golinowski et al., 1997; Sobczak & 
Golinowski, 2009), but the signaling mechanisms driving these processes remain obscure. 
Cyst nematodes use a stylet for the delivery of dozens of effector proteins originating from 
three secretory gland cells into root cells to manipulate the host's immune system and hijack 
developmental and metabolic programs that favor their own development through the establishment 
of feeding sites (reviewed in Mitchum et al., 2013; Jones & Mitchum, 2018; Juvale & Baum, 2018). 
One class of identified effectors from syncytium-forming nematodes is the CLAVATA3/EMBRYO 
SURROUNDING REGION (CLE)-like peptide family. These CLE-like effectors harbor a similar 
domain architecture to that of their plant CLE counterparts. This includes an N-terminal signal 
peptide (SP) which directs them through the secretory pathway of the nematode gland cell, a domain 
of variable sequence among family members (referred to as the variable domain or VD), and one or 










This article is protected by copyright. All rights reserved
Plant CLEs harboring an N-terminal secretion signal peptide are co-translationally imported 
into the endoplasmic reticulum (ER) secretory pathway, post-translationally modified in route to the 
apoplast, and then processed to 12 or 13 amino acid (aa) glycopeptides to interact with extracellular 
leucine-rich repeat receptor-like proteins (LRR-RLPs) (Miyawaki et al., 2013; Yamaguchi et al., 
2016). We previously demonstrated that cyst nematode CLE-like effector proteins are produced in the 
dorsal gland cell of parasitic life stages where they are packaged into secretory granules to be 
ultimately delivered via the stylet into the cytoplasm of the initial syncytial cell (Wang et al., 2005; 
2010a; Mitchum et al., 2013). Moreover, we showed that nematode CLEs expressed in plants without 
a secretion signal peptide are post-translationally modified and processed by host cell machinery 
similar to plant CLEs before being recognized by membrane-bound extracellular receptors (Lu et al., 
2009; Wang et al., 2010a, 2011; Replogle et al., 2012, 2013; Chen et al., 2015; Guo et al., 2015). 
These findings pointed to a uniquely adapted role of the nematode CLE VD in trafficking these 
effector proteins from the cytoplasm to the extracellular space of parasitized cells. Although the 
function of the VD of plant CLEs remains obscure, it has no role in translocating these proteins to the 
extracellular space (Meng et al., 2010; Wang et al., 2010a). On the contrary, the VD of nematode 
CLEs is expanded and harbors two distinct structural domains referred to as VDI and VDII (Wang et 
al., 2010a). VDI is sufficient for translocation of these proteins to the apoplast of plant cells (Wang et 
al., 2010b). 
We hypothesized that VDI may harbor a specific trafficking sequence. The presence of a 
trafficking sequence within VDI with a role in post-translational trafficking of CLE effector proteins 
from the cytoplasm to the apoplast of plant cells is a fascinating proposition considering our lack of 
understanding of post-translational trafficking mechanisms in plants. In eukaryotes, it is well 
established that proteins carrying a secretion signal cross the ER membrane via co-translational 
translocation mechanisms; however, more recent findings in yeast and mammalian systems indicate 
that short secretory proteins can also be targeted and inserted into the ER post-translationally 
(Johnson et al., 2013). Such pathways likely exist but have yet to be characterized in plants, 
underscoring the potential significance of such a finding.
In this study, we investigated whether a specific motif within VDI of soybean cyst nematode 
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translocate these effectors outside plant cells, whether this motif is common to CLE effectors of other 
genera of syncytium-forming nematode species, whether the trafficking mechanism is conserved 
across plant species and cell types, and whether this occurs by co-opting a host post-translational 
trafficking mechanism through the ER. Our results clearly demonstrate the answers to these questions 
are yes, providing the first mechanistic insight into how a pathogen effector is redirected back outside 
the cell for its activity following delivery into the host cell cytoplasm. 
Materials and Methods
Plant transformation and phenotyping 
Different HgCLE2VDI and HsCLE2VDI gene fragments (Table S1) were amplified by PCR and 
fused to the AtCLV3 peptide sequence by overlap PCR. The fused fragments were first cloned into 
pCGT-35S behind a double cauliflower mosaic virus (CaMV) 35S promoter and then subcloned into 
binary vector pAKK1467B (Wang et al., 2010a) which has both green fluorescent protein (GFP) and 
BASTA selectable markers. Arabidopsis thaliana (ecotype Col-0) was transformed using the floral 
dip method (Clough & Bent, 1998). GFP-positive transgenic plants (T1) were selected under a 
stereomicroscope with a fluorescence attachment. T1 transformants were transferred to soil and grown 
in a growth chamber at 22 °C under long-day growth conditions (16 hr/8 hr) to observe phenotypes. 
Phenotyping was carried out twice for constructs with less than 50 T1 seedlings, and once for 
constructs for which more than 100 T1 seedlings were recovered. For all constructs, seedlings were 
derived from more than five independent transgenic pools. Seedlings showing SAM termination were 
characterized as a severe wus phenotype. Seedlings with normal SAM development, but exhibiting 
defects in floral meristem development (no carpels and decreased stamen number) at later stages were 
characterized as a weak wus phenotype.
Tobacco agroinfiltration and cell death phenotyping
Putative trafficking sequences from different cyst nematode CLE proteins were fused to the 28 aa 
AVR9 peptide sequence by overlap PCR. The fused sequences were first cloned into pDONRzeo 
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(Tai et al., 1999) by LR cloning to generate CaMV 2X35S overexpression constructs. PR1Sp-AVR9 
was used as positive control and AVR9 only was used as negative control. Constructs were 
transformed into Agrobacterium tumefaciens strain C58C1 for tobacco leaf infiltration. Cf-9 
transgenic Nicotiana tabacum plants (Lauge et al., 2000) were grown in growth chamber at 25 °C 
under long-day growth conditions (16 hr/8 hr). C58C1 was grown at 28°C in LB broth with 50 
µg/ml kanamycin, 5 µg/ml tetracycline and 25 µg/ml rifampicin. Bacteria were centrifuged at 3,795 x 
g for 5 min at room temperature and re-suspended in infiltration buffer (10 mM MgCl2, 10 mM MES, 
200 μM acetosyringone, pH = 5.6). Cells were brought to an optical density (OD600) of 0.3~0.4 and 
then infiltrated into the abaxial air spaces of 4~6-week-old Cf-9 plants using a needleless syringe and 
monitored for phenotypes for 7-8 days post infiltration. At least three biological repeats for each 
construct were conducted.
Subcellular localization
HgCLE2VDIT and AtCLV3Sp (Wang et al., 2010b) were cloned into pBIN61 to generate GFP 
fusions. Constructs were transiently expressed in onion epidermal cells by gold particle bombardment 
and the GFP signal in the extracellular space was examined after plasmolysis (Wang et al., 2010b). 
An optimized protocol (Scott et al., 1999) to change the pH of the apoplasm to stabilize GFP before 
imaging was used. Fluorescent images of onion cells were acquired with an LSM 510 META NLO 
confocal system. Split GFP vectors developed by Park et al. (2017) were obtained from Addgene 
(www.addgene.org). HgCLE2VDIT and SPVDIT were cloned into CYTO-mCherry-11 digested with 
HindIII and SpeI to fuse to sfGFP11. All vectors were transformed into A. tumefaciens strain C58C1 
for tobacco leaf infiltration. For detection of the organelle-targeted self-assembling split sfGFP, 
Agrobacteria strains containing the given sfGFP1-10OPT and the trafficking domain fused to sfGFP11 
were co-expressed. In order to increase the expression of split GFP proteins, a gene-silencing 
suppressor P19 (35SP19::pBIN19) was also co-infiltrated. The Agrobacteria were cultured as above 
and the cells were brought to an optical density (OD600) of 0.5 in infiltration buffer. The three strains, 
sfGFP11, sfGFP1-10OPT and P19, were then mixed at a ratio of 5:5:2 and infiltrated into 4~6-week-
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48 hours with TCS Leica SP8 confocal system. At least three biological repeats for each construct 
were conducted.
All constructs were sequenced for confirmation. Constructs and corresponding primers used for 
cloning are provided in Table S1.
 
Protein structure modeling
Structures of the VD domain of five CLE proteins (HgCLE2, GrCLE1, GrCLE4, HsCLE2, and 
RrCLE1) were modeled and compared. Currently, it is not feasible to determine the structure of a VD 
using a standard template-based, or homology, modeling (Eswar et al., 2006) because no structural 
template of a homologous protein covering the entire sequence of VD exists. Thus, we applied an 
advanced modeling protocol. Specifically, we first searched for template sub-structures, i.e. structural 
templates covering only a part of a VD sequence, by using PSI-Blast (Altschul et al., 1998) against a 
dataset of all structurally resolved proteins in the Protein Data Bank (PDB) (Berman et al., 2000). For 
four out of five proteins, HgCLE2, HsCLE2, GrCLE1, and GrCLE4, such sub-structures were found. 
Next, we used a fragment-based modeling approach by leveraging the I-TASSER method (Roy et al., 
2010) to predict the 3D structures of the VD domain. A basic fragment-based modeling approach does 
not require any information about a homologous structure. However, to increase the accuracy of the 
fragment-based approach, we provided, as additional constraints, the identified template sub-
structures and their alignments against the target sequence of the VD. We then selected the top 10 
scoring solutions for each model, and picked a model with the minimal root-mean-square deviation 
(RSMD) between the template sub-structure and the corresponding modeled structure. In addition, the 
structures of VDIT domains determined in four CLEs (HgCLE2, HsCLE2, GrCLE1, and GrCLE4) 
were independently modeled using a standard fragment-based modeling protocol in I-TASSER. The 
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Results 
The VD of cyst nematode CLE effectors harbors a novel translocation signal. 
Protein translocation across the ER membrane occurs either co-translationally as the peptide is being 
synthesized by the ribosome or post-translationally following protein synthesis in the cytoplasm. 
Proteins targeted for co-translational translocation across the ER membrane harbor an N-terminal 
signal peptide sequence. The SignalP server (Nielson et al., 2017), which is used to identify proteins 
secreted via the classical ER-Golgi-TGN (trans-Golgi network) pathway, predicted a signal peptide at 
the N-terminus of the H. glycines CLE2 (HgCLE2) protein sequence. This signal peptide directs 
HgCLE2 through the ER-Golgi-TGN pathway of the nematode’s dorsal esophageal gland cell, 
followed by secretion of the HgCLE2 propeptide (VD + CLE domain) via the stylet to host root cells 
(Wang et al. 2010a). SignalP does not predict a signal peptide at the N-terminus of the VD; however, 
the incremental removal of amino acids from the N-terminus previously identified a cryptic signal 
peptide within VDI spanning amino acids 20-44 (Wang et al., 2010b). Our prior work exploited the 
wuschel (wus) phenotype characterized by premature termination of shoot and floral meristems, 
which is observed when the Arabidopsis thaliana CLE peptide AtCLV3 is overexpressed in this 
model plant (Fletcher et al., 1999; Brand et al., 2000), to demonstrate that VDI was sufficient for 
translocation of this small peptide to the apoplast (Wang et al., 2010b). 
Here, we used the same assay to conduct a series of VDI deletion experiments to further test 
the predicted cryptic signal peptide for activity and identify the minimal translocation signal within 
VDI. For this, we divided the VDI sequence into three fragments (Fig. 1a).  VDIA corresponded to 
sequence N-terminal to the predicted cryptic signal peptide, VDIB corresponded to the predicted 
cryptic signal peptide, and VDIC corresponded to the sequence C-terminal to the predicted cryptic 
signal peptide. We also tested the combined fragments VDIAB (VDIA+ VDIB) and VDIBC 
(VDIB+VDIC). Each VDI fragment was fused separately with 16 amino acids (amino acids 67–82) 
spanning the CLV3 CLE motif (Wang et al., 2010b) and expressed in Arabidopsis under the control 
of the 2X35S promoter. T1 transgenic plants were scored for wus phenotypes and the percentage of 
wus plants was calculated (Fig. 1d). Compared with the full-length VDI, no wus phenotypes were 
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observed in plants expressing VDIAB whereas 74% of the transgenic plants expressing VDIBC 
exhibited wus phenotypes indicating that VDIBC can partially rescue the trafficking function of VDI 
(Fig. 1d). These data indicated that not one of our tested fragments alone (including the cryptic signal 
peptide) contained all sequences necessary for full trafficking function. We then employed a serial 
deletion analysis to delineate the left and right border of the VDI translocation signal (Fig. 1b). From 
the N-terminus, deletion at or before position 14 (HgCLE2VDIA6 and HgCLE2VDIA9) had no effect 
on trafficking activity with ≥ 99% of the transgenic plants exhibiting a strong wus phenotype (Fig. 1d). 
However, deletion up to position 17 (HgCLE2VDIA3) significantly reduced the trafficking activity 
with only 76% of transgenic plants exhibiting wus phenotypes (Fig. 1d). From the C-terminus, 
deletions up to aa 50 (HgCLE2VDIC6) had no effect on peptide trafficking. However, any further 
deletion reduced trafficking activity (Fig. 1d). Therefore, we hypothesized that the 37 aa sequence 
corresponding to amino acids 14-50, should confer full translocation activity. To test this, we fused 
this 37 aa coding sequence to the CLV3 CLE motif and evaluated expression lines for wus phenotypes. 
Identical to the full-length VDI, 100% of the plants expressing this construct exhibited severe wus 
phenotypes (Fig. 1d) confirming the 37 aa domain as the minimal trafficking sequence within the 
HgCLE2 VDI, which we termed the VDI translocation signal (VDIT). We then tested the 
corresponding 37 aa sequence from the closely related sugar beet cyst nematode H. schachtii CLE2 
(HsCLE2). Unlike, HgCLE2, 37 aa was not sufficient for trafficking. However, the addition of three 
amino acids on either the N- or C-terminus restored trafficking activity (Fig. 1c, d).  
To rule out the possibility that HgCLE2VDIT was simply functioning as a signal peptide for 
co-translational translocation to the ER when the gene constructs were expressed in planta, we fused 
VDIT to GFP (238 aa). Fusion of a canonical signal peptide sequence to the N-terminus of GFP is 
sufficient to traffic this large protein through the ER secretory pathway via co-translational 
translocation for secretion to the apoplast. We previously demonstrated in our original study of this 
effector that like 35S-GFP, HgCLE2VDI-GFP is not secreted, whereas CLV3SP-GFP is secreted 
(Wang et al., 2010b). Therefore, we reasoned that if HgCLE2VDIT is trafficking CLE peptides via 
co-translational translocation, its fusion to the N-terminus of GFP would show a similar apoplastic 
accumulation of GFP as CLV3SP-GFP.  However, we show that HgCLE2VDIT is unable to target 
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These data show that VDIT is not recognized as a canonical ER transit peptide for co-translational 
translocation through the ER secretory pathway consistent with the cytoplasmic secretion of this 
protein by the nematode to host root cells and a post-translational trafficking mechanism.
We also ran the HgCLE2 VDI sequence through the SecretomeP software (Bendtsen et al., 
2004), which aided in the identification of protein features apart from the lack of a signal sequence to 
predict the likelihood that the protein is secreted by an unconventional route. The NN-score of 0.721 
exceeded the 0.6 threshold for mammalian sequences, further supporting a potential novel trafficking 
function of VDI for targeting of nematode CLE effectors to the apoplast. 
The VDIT trafficking mechanism is peptide independent and conserved across plant species 
and cell types. 
The tomato leaf mold fungus Cladosporium fulvum secretes the AVR9 effector protein to the 
extracellular space of leaf cells where it is processed into a 28 aa peptide. In resistant tomato plants, 
the 28 aa AVR9 is sensed by the extracellular Cf-9 resistance protein to trigger hypersensitive 
response (HR)-mediated resistance at the site of infection (Van den Ackerveken et al., 1993; Lauge et 
al., 2000). Therefore, we exploited the ability of the fungal elicitor peptide AVR9 to trigger 
hypersensitive cell death when transiently expressed in tobacco carrying Cf-9 to further determine the 
role of the VD sequences in retargeting of CLE effectors to the extracellular space. The 28 aa AVR9 
peptide was cloned as a C-terminal translational fusion to the pathogenesis-related protein 1 (PR1; an 
extracellular plant protein) secretion signal, the full-length VDI sequence, or the identified HgCLE2 
VDIT sequence. Each construct was transiently expressed by Agrobacterium infiltration in Cf-9 
transgenic tobacco leaves (Lauge et al., 2000). Transient expression of the 28 aa AVR9 peptide alone 
did not induce hypersensitive cell death in Cf-9 containing transgenic tobacco plants and was used as 
a negative control in all experiments. However, when the 28 aa AVR9 was fused to the secretion 
signal of PR1 for targeting to the extracellular space of tobacco cells expressing Cf-9, a hypersensitive 
cell death response was induced (Fig. 2b). Remarkably, replacement of the PR1 SP with the nematode 
HgCLE2 VDI (HgCLE2VDI-AVR9) or HgCLE2 VDIT (HgCLE2VDIT-AVR9) sequence also 
induced hypersensitive cell death similar to that of PR1Sp-AVR9 (Fig. 2b). These data further 
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CLE peptide-specific. Furthermore, the trafficking mechanism is conserved across plant species 
(Arabidopsis and tobacco) and plant cell types (apical meristem vs leaf). The finding that VDIT can 
translocate the small peptides, AVR9 and CLE, but not GFP (238 aa) to the apoplast indicates that the 
novel trafficking mechanism exploited by VDIT may be restricted to small secretory proteins.
VDIT is functionally conserved among CLE effectors spanning three genera of phytonematodes. 
CLE effector proteins have been identified from several different cyst nematode species, including the 
soybean cyst nematode (H. glycines, Gao et al., 2003; Wang et al., 2005; Guo et al., 2017), potato 
cyst nematodes (Globodera rostochiensis and G. pallida; Lu et al., 2009), the sugar beet cyst 
nematode (H. schachtii, Patel et al., 2008; Wang et al., 2011) and the tobacco cyst nematode (G. 
tabacum, Alenda et al., 2013). Additionally, CLE effector proteins were identified from the reniform 
nematode (Rotylenchulus reniformis, Wubben et al., 2015), another syncytium-forming nematode, 
and the first B-type CLE peptides were recently identified from Heterodera species (Guo et al., 2017). 
Remarkably, sequence alignment and bioinformatics analysis of the VDI region from nematode CLE 
proteins identified a conserved region spanning the identified VDIT (Fig. 3a; Fig. S1), suggesting that 
translocation may be conserved among syncytium-forming nematodes. To test whether the trafficking 
function is conserved across nematode genera, 40 aa VDIT sequences of H. schachtii HsCLE2, G. 
rostochiensis CLE1 (GrCLE1), and CLE4A (GrCLE4A) were fused to the 28 aa AVR9 peptide 
sequence and transiently expressed in Cf-9 transgenic tobacco leaves (Fig. 3a). All tested VDIT 
sequences were able to target the AVR9 peptide to the apoplast to elicit an HR response (Fig. 3b). We 
also tested the full-length VDI sequences of H. glycines B-type CLE1 (HgCLEB1) and R. reniformis 
CLE1 (RrCLE1) for trafficking function, as well as the VD sequence between the N-terminal 
secretion signal and mature peptide sequence of R. reniformis C-terminally encoded peptide (CEP)-
like 1 (RrCEP1), a new class of nematode-secreted peptide mimics identified from reniform 
nematodes shown to harbor a cryptic signal peptide within the CEP precursors with similarity to that 
of RrCLE1 (Fig. S2; Eves-Van Den Akker et al., 2016). The VDI sequences of both HgCLEB1 and 
RrCLE1 were able to target the AVR9 peptide to the apoplast to elicit an HR response (Fig. 3c). 
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to elicit an HR response, albeit the response was less robust than the tested VDIT and VDI sequences 
of CLE proteins (Fig. 3c; Fig. S2).  
Together, our results indicate that nematode CLE trafficking in plant cells is functionally 
conserved between A- and B-type CLE peptides and among different species spanning three major 
genera of phytonematodes. Furthermore, our results suggest that other classes of nematode-secreted 
peptide mimics may exploit the same novel trafficking pathway.
VDIT guides trafficking of CLE effector proteins through ER secretory pathway.  
The inability of VDIT to carry out its secretory function when fused to a large fluorescent tag such as 
GFP confirmed trafficking occurs via a post-translational mechanism as would be expected for a 
nematode secreted effector (Wang et al., 2010b), but precluded our ability to confidently determine 
where the VD trafficks nematode CLE proteins after delivery into the cytoplasm of host cells. 
However, an improved variant of the self-assembling split super-folder GFP (sfGFPOPT) system to 
monitor effector protein trafficking in plant cells was recently developed and made available 
(Cabantous et al., 2005; Cabantous & Waldo, 2006; Park et al., 2017; Xie et al., 2017). GFP contains 
eleven ß-sheets (GFP1-11) that can be split into two fragments; ß-sheets 1-10 (GFP1-10) and ß-sheet 
11 (GFP11) that only fluoresce when in close proximity. Park et al (2017) constructed a series of 
vectors using previously determined organelle targeting sequences (Nelson et al., 2007) fused to 
sfGFP1-10OPT. A protein of interest, in our case the identified VDIT domain, is fused to sfGFP11, 
which is only 16 amino acids. Co-expression of each organelle marker protein with the VDIT-
sfGFP11 in Nicotiana benthamiana leaves allowed us to visualize the reconstituted GFP signal by 
confocal microscopy to determine the subcellular movement of the trafficking domain. Co-expression 
of VDIT-sfGFP11 with CYTO-sfGFP1-10OPT confirmed its cytoplasmic accumulation (Fig. 4). Due 
to the small size of the fusion proteins and passive diffusion into the nucleus, GFP reconstitution was 
also observed in this organelle. For this reason, the system is not suitable for confirmation of nuclear-
targeted proteins. Co-expression of ER-sfGFP1-10OPT with VDIT-sfGFP11 resulted in strong GFP 
reconstitution in the ER demonstrating that VDIT is trafficking to the ER (Fig. 4). Consistent with this, 
co-expression of VDIT-sfGFP11 with GO-sfGFP1-10OPT also resulted in a strong GFP signal in the 
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4) further confirming VDIT translocation through the classical ER-Golgi-TGN pathway. In addition, a 
strong GFP signal was detected in the plasmamembrane upon coexpression of VDIT-GFP11 and the 
PM-sfGFP1-10OPT marker (Fig. 4). GFP reconstitution was not detected in the plastid (PT-mCherry-
sfGFP11) and only a very weak background signal that was inconsistent with mitochondrial (MT-
mCherry-sfGFP11) and peroxisome (PX-mCherry-sfGFP11) localization was detected with MT-
sfGFP1-10OPT and PX-sfGFP1-10OPT markers (Fig. S4). These data demonstrate that VDIT functions 
as a translocation signal to exploit a post-translational trafficking mechanism to the ER secretory 
pathway for delivery of CLE peptides to the apoplast. 
Discussion
Here, we identify a novel protein sequence within the VD of nematode CLE-like effector proteins that 
co-opts a previously unknown post-translational trafficking mechanism through the ER secretory 
pathway for peptide delivery to the extracellular space of parasitized host cells. We term this domain 
the VDI translocation signal (VDIT). Identification of a novel translocation signal on a pathogen 
effector that facilitates its delivery from the cytoplasm to apoplast of parasitized host cells is 
remarkable. All pathogen effector protein domains described thus far have been studied in the context 
of exploiting cellular entry, not cellular export pathways (reviewed in Presti & Kahmann, 2017; 
Bozkurt & Kamoun, 2020). Moreover, once inside the host cell, pathogen effectors can harbor 
domains that target them to specific subcellular structures or organelles for their activities. The host 
nucleus was the first identified subcellular organelle targeted by plant pathogen effectors (Van den 
Ackerveken et al., 1996). Since then, effectors from different pathogen groups have also been 
localized to the chloroplasts, cytosolic side of the endoplasmic reticulum, and plasma membrane 
(Nimchuk et al., 2000; Jelenska et al., 2007; Caillaud et al., 2012; Block et al., 2014; Li et al., 2014) 
of host cells. Here we provide unprecedented mechanistic insight into how an effector previously 
shown to be delivered by a pathogen to the cytoplasm is then translocated back out to the apoplast of 
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There are potential biological advantages of delivering CLE proproteins to the cytoplasm as 
opposed to their direct delivery of a processed peptide to the apoplast. First, the majority of plant 
proteins secreted via the ER-Golgi-TGN are glycosylated. Plant CLEs are no exception and have been 
shown to be proline hydroxylated and arabinosylated (Shinohara & Matsubayashi, 2010). Thus, direct 
delivery of CLE effectors to the cytoplasm by the nematode, provided there is a mechanism that 
redirects them through the plant ER secretory pathway, would allow for the acquisition of plant-
specific post-translational modifications (Ohyama et al., 2009; Shinohara et al., 2012) to generate 
functionally similar peptide mimics. Here, we demonstrate that this is achieved through the novel 
post-translational trafficking properties of VDIT.  Our findings provide direct evidence for ER 
trafficking in support of earlier observations of wuschel-like phenotypes in plants expressing 
nematode CLE peptide effectors without an N-terminal secretion peptide (Lu et al., 2009; Wang et al., 
2010a, 2011) and the recovery of arabinosylated nematode CLE peptides from tissue culture (Chen et 
al., 2015). Another potential biological advantage relates to feeding site formation. When infective 
juveniles begin feeding from a selected cell near the vasculature they become sedentary and remain in 
the same spot feeding for the remainder of their life cycle. In order to survive, the nematode must 
transform a single cell into a syncytium, which expands along the length of the vasculature through 
the fusion of hundreds of cells, many far from the nematode head (Golinowski et al., 1997; Sobczak 
& Golinowski, 2009). Direct delivery and continuous secretion of CLE peptide effectors to the 
cytoplasm and retrafficking through the ER secretory pathway back to the extracellular space would 
allow the nematode to send a signal to adjacent cells distant from its head to prime them for 
incorporation into the expanding syncytium. This hypothesis is supported by our earlier studies 
demonstrating that nematode CLE genes are expressed in developing females during active syncytium 
formation and that knocking out CLE receptors reduces syncytium size most likely due to inefficient 
cellular incorporation (Replogle et al., 2011; 2013).
The evolutionary path leading to the acquisition of this novel trafficking domain in cyst and 
reniform nematode CLE peptide effectors will be fascinating to explore, especially considering CLE-
like peptide sequences computationally mined from root-knot nematode (RKN; Meloidogyne spp.) 
genomes to date lack a pro-domain (Bird et al., 2015; Gheysen & Mitchum, 2019). Although RKNs 
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cells formed around the nematode head through a series of events that are fundamentally different 
from that which occurs to form syncytia. For example, the formation of giant-cells does not involve 
cell wall dissolution, and therefore, a different mechanism of peptide delivery may be operative. 
Future studies should be directed at understanding how the VDIT domain was acquired in syncytium-
forming nematodes and how post-translational entry into the ER is mediated. Entry could be mediated 
by direct insertion into the membrane, but it is equally plausible that entry is mediated by interaction 
with a plant membrane protein or complex. Undoubtedly, this discovery has the potential to yield new 
insights into post-translational protein secretion pathways in plants and the mechanisms by which this 
process is exploited by nematodes and possibly other pathogens to facilitate parasitism. Our findings 
also stand promise to be of application in biotechnology and synthetic biology alike for novel broad-
spectrum parasite control.
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Figure legends
Fig. 1. Identification of the soybean cyst nematode Heterodera glycines CLE2 (HgCLE2) and sugar 
beet cyst nematode H. schachtii CLE2 (HsCLE2) VDI translocation signal. Three different VDI 
fragments were fused to 16 amino acids (aa) spanning the CLV3 CLE motif (Wang et al., 2010b) and 
overexpressed in Arabidopsis under the control of the 2X35S promoter. (a) Different VDI fragments. 
HgCLE2VDIB: Computationally predicted cryptic signal peptide (red text) in VDI; HgCLE2VDIA: 
VDI sequence before HgCLE2VDIB; HgCLE2VDIC: VDI sequence after HgCLE2VDIB; 
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Combination of fragments HgCLE2VDIB and HgCLE2VDIC. (b) Serial deletions from the N or C 
terminus of HgCLE2VDI to identify the minimal trafficking sequence. HgCLE2VDIA9: 10 aa 
deletion from N terminus; HgCLE2VDIA6: 13 aa deletion from N terminus; HgCLE2VDIA3: 16 aa 
deletion from N terminus; HgCLE2VDIC6: 17 aa deletion from C terminus; HgCLE2VDIC4: 19 aa 
deletion from C terminus; HgCLE2VDIC2: 21 aa deletion from C terminus; HgCLE2VDIT: 
identified 37 aa protein trafficking domain in HgCLE2VDI. (c) Deletion constructs of HsCLE2VDI to 
identify the minimal trafficking sequence. HsCLE2VDIA6/C6: 13 aa deletion from N terminus plus 
17 aa deletion from C terminus; HsCLE2VDIA9/C9: 10 aa deletion from N terminus plus 14 aa 
deletion from C terminus; HsCLE2VDIA9/C6: 10 aa deletion from N terminus plus 17 aa deletion 
from C terminus; HsCLE2VDIA6/C9: 13 aa deletion from N terminus plus 14 aa deletion from C 
terminus. (d) Overexpression constructs and resulting phenotypes in T1 generation transgenic 
Arabidopsis seedlings. Seedlings showing SAM (shoot apical meristem) termination were 
characterized as a severe wus phenotype. Seedlings with normal SAM development, but exhibiting 
defects in floral meristem development (no carpels and decreased stamen number) at later stages were 
characterized as a weak wus phenotype. Numbers in parentheses indicate the percentage of seedlings 
exhibiting severe or weak wus phenotypes. 
Fig. 2. HgCLE2VDIT can traffic the AVR9 peptide, but not the GFP protein from the cytoplasm to 
the apoplast. Trafficking does not occur through co-translational translocation into the ER secretory 
pathway. (a) Localization of eGFP in onion epidermal cells after plasmolysis. (Left) Fluorescence. 
(Center) Brightfield. (Right) Merged image. Arrows point to eGFP accumulation in the apoplast in 
AtCLV3Sp-GFP, but not in HgCLE2VDIT-GFP. (b) Both HgCLE2VDI and HgCLE2VDIT could 
target AVR9 peptide to apoplast to cause cell death in Cf-9 transgenic tobacco leaves. AVR9 and 
PR1Sp-AVR9 were used as negative and positive controls, respectively.  
Fig. 3. Trafficking sequences predicted in CLE proteins from other cyst nematode species based on 
sequence similarity show similar trafficking activity. (a) Sequence alignment of the variable domain I 
(VDI) region of different cyst nematode CLE proteins predicted protein trafficking sequences in other 
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tabacum; Rr, Rotylenchulus reniformis. Sequences fused to the AVR9 peptide are underlined. (b-c) 
Putative VDIT sequences (underlined) from HsCLE2, GrCLE1, and GrCLE4A, and VDI from 
HgCLEB1 and RrCLE1 could target the AVR9 peptide to the apoplast like HgCLE2VDIT to trigger 
cell death in Cf-9 transgenic tobacco leaves. Although the RrCEP1 VD could target AVR9 to the 
apoplast to trigger cell death in Cf-9 transgenic tobacco leaves (see Fig. S2), a strong chlorotic 
response (shown) was typically observed suggesting a weaker activity. AVR9 and PR1Sp-AVR9 
were used as negative and positive controls, respectively.  
Fig. 4. Complementation of sfGFP1-10OPT and VDIT-sfGFP11 targeted to various subcellular 
compartments in Nicotiana benthamiana. Co-infiltration of agrobacteria containing either cytoplasmic 
(CYTO), endoplasmic reticulum (ER), golgi (GO), or plasmamembrane (PM)-targeted sfGFP1-10OPT 
and agrobacteria containing VDIT-sGFP11. Top panels show sfGFP images (white arrows point to 
nuclei); bottom panels show differential interference contrast (DIC) images for cell architecture. BFA 
= brefeldin A. Bars = 50 µm.
Supporting Information
Fig. S1. Structural modeling of VD and VDIT of five CLE proteins. 
Figure S2. RrCEP1 VD trafficking of AVR9. 
  
Figure S3. VDIT localization to golgi in Nicotiana benthamiana. 
Figure S4. VDIT does not localize to plastids, mitochondria, or peroxisomes. 
Table S1. Listing of primers and their uses. 
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